The plastid genome is highly conserved among plant species, suggesting that alterations of its structure would have dramatic impacts on plant fitness. Nevertheless, little is known about the direct consequences of plastid genome instability. Recently, it was reported that the plastid Whirly proteins WHY1 and WHY3 and a specialized type-I polymerase, POLIB, act as safeguards against plastid genome instability in Arabidopsis (Arabidopsis thaliana). In this study, we use ciprofloxacin, an organelle doublestrand break-inducing agent, and the why1why3polIb-1 variegated mutant to evaluate the impact of generalized plastid DNA instability. First, we show that in why1why3polIb-1 and ciprofloxacin-treated plants, plastid genome instability is associated with increased reactive oxygen species production. Then, using different light regimens, we show that the elevated reactive oxygen species production correlates with the appearance of a yellow-variegated phenotype in the why1why3polIb-1 population. This redox imbalance also correlates to modifications of nuclear gene expression patterns, which in turn leads to acclimation to high light. Taken together, these results indicate that plastid genome instability induces an oxidative burst that favors, through nuclear genetic reprogramming, adaptation to subsequent oxidative stresses.
As opposed to most nonphotosynthetic eukaryotes, plants possess an additional endosymbiotic organelle, the plastid, which is the seat of photosynthesis. In addition to this essential process, plastids have a variety of other important biological roles. Of these, chloroplasts serve as sensors of environmental conditions and guide the plant toward proper adaptation (Pfannschmidt et al., 1999) . As a result of its lightharvesting capacity, the chloroplast is directly associated with light absorption and, accordingly, is ideally placed to detect environmental fluctuations (Ruckle et al., 2012) . The fluctuating environmental conditions are perceived through several important molecular checkpoints, such as the redox state of the photosynthetic electron transport chain (PET), often measured as the excitation pressure of the PSII, or the concentration of reactive oxygen species (ROS) produced by the PET (Huner et al., 2012) .
Even though photosynthesis serves as the main energy source for autotrophic organisms, this process also constantly generates ROS by-products that threaten all cellular components by their strong propensity for oxidation (Asada, 2006) . ROS production is notably exacerbated by abiotic stresses, such as a sudden exposure to high light intensities, which leads to excessive photon absorption, overreduction of the plastoquinone pool, and electron transfer to molecular oxygen. If improperly scavenged, ROS can have a variety of deleterious effects, such as base oxidation, lipid peroxidation, and, in some cases, cell death (Przybyla et al., 2008; Triantaphylidés et al., 2008) .
Beyond their deleterious effects, ROS also act as important signaling molecules, especially under stress conditions. ROS-dependent signaling has been observed in the vast majority of biotic and abiotic stress responses (Mittler, 2002; Miller et al., 2008; Torres, 2010) . Recently, different studies have highlighted specific reprogramming of the nuclear transcriptome depending on the site of production within the cell and the type of ROS involved (Laloi et al., 2007; Maruta et al., 2012; Ramel et al., 2013) . When produced in the chloroplast, ROS initiate plastid-to-nucleus retrograde signaling and modify nuclear and chloroplast gene expression patterns to adjust the photosynthetic activity. For instance, transcriptome alterations during chloroplast oxidative stress often include repression of the lightharvesting complexes and accumulation of high levels of antioxidant proteins (Escoubas et al., 1995; Grace and Logan, 1996) .
The negative correlation between PET efficiency and chloroplast ROS production suggests that any disequilibrium in PET homeostasis can lead to redox imbalance. Accordingly, mutations of nuclear genes involved in the quality control of the PET proteins, such as the FtsHs and Deg proteases, induce developmental defects and redox imbalance (Zaltsman et al., 2005; Ströher and Dietz, 2008; Kato et al., 2009; Sun et al., 2010) . The chloroplast gene expression status acts as an additional checkpoint to ensure PET homeostasis. Although plastid DNA (ptDNA) only encodes a small fraction of chloroplast proteins, the retained plastid genes are mostly involved in photosynthesis (Green, 2011) . Thus, inhibition of chloroplast gene expression induced by mutations or chemical treatments leads to impairment of photosynthesis and increased chloroplast ROS production (Myouga et al., 2008; Arsova et al., 2010; Kindgren et al., 2012) . This suggests that the maintenance of plastid genome stability is crucial to ensure PET efficiency. However, although the function of many nuclear genes involved in chloroplast DNA repair is emerging, little is known about the direct outcome of generalized plastid genome instability on chloroplast function.
Among the different types of DNA damages leading to genome instability, double-strand breaks (DSBs) are considered the most threatening because they can give rise to severe chromosomal rearrangements if improperly repaired (Odom et al., 2008) . This type of damage can spontaneously arise in the chloroplast genome as a consequence of replication fork collapse or can be specifically induced by ciprofloxacin (CIP), a gyrase inhibitor that produces DSBs in a replicationdependent manner (Drlica and Zhao, 1997; Parent et al., 2011) . In Arabidopsis (Arabidopsis thaliana), PolIA and PolIB, two type-I DNA polymerases, are proposed to perform chloroplast DNA replication (Mori et al., 2005; Parent et al., 2011) . The mutation of either of the genes encoding these proteins is enough to cause replication stress, and PolIB has been demonstrated to have additional roles in DNA repair (Parent et al., 2011) and mitochondrial homeostasis (Cupp and Nielsen, 2012) . In addition to PolIB, plant organelles possess Whirly proteins that act as safeguards of plastid genome stability by binding and stabilizing single-stranded DNA, thereby limiting the occurrence of illegitimate recombination (Maréchal et al., 2009; Cappadocia et al., 2010) . Arabidopsis mutants for the two plastid Whirly genes WHY1 and WHY3 are sensitive to CIP and exhibit ptDNA rearrangements that are thought to occur through a microhomologymediated break-induced replication (MMBIR) mechanism (Hastings et al., 2009; Maréchal et al., 2009; Cappadocia et al., 2010) . Interestingly, in the why1why3 double mutant, the absence of chloroplast Whirly proteins causes variegation in about 5% of the plant population (Maréchal et al., 2009) . Moreover, the mutation of PolIB has, together with the mutations of WHY1 and WHY3, a synergistic effect on the appearance of variegation and accumulation of ptDNA rearrangements. The why1why3polIb-1 triple mutant displays a 100% penetrance yellow-variegated phenotype and accumulates even larger amounts of MMBIR-associated rearrangements than why1why3 plants (Parent et al., 2011) .
Here, we report that ptDNA instability, induced by two distinct approaches, leads to an altered cellular redox status. We show that CIP treatment, which induces DSBs in the chloroplast, and the why1why3polIb-1 mutations lead to decreased PET efficiency and elevated chloroplast ROS production in Arabidopsis. Our results also reveal that ptDNA rearrangements and increased ROS levels in why1why3polIb-1 trigger chloroplast-to-nucleus retrograde signaling and overexpression of many abiotic stress-related genes. Finally, we show that this ROS-dependent genetic reprogramming promotes an acquired adaptation to high light.
RESULTS

Plastid Genome Instability Negatively Impacts Photosynthetic Efficiency
Leaf variegation has been observed in many different mutants of Arabidopsis. The severity of this phenotype varies among these mutants and is sometimes associated with dwarfism (Rédei, 1963; Martínez-Zapater, 1993; Maréchal et al., 2009; Parent et al., 2011; Xu et al., 2011) . In Arabidopsis, the variegation observed in why1why3 and why1why3polIb-1 (Fig. 1 , A and B) has been linked to DNA rearrangements produced by the MMBIR pathway in the chloroplast genome (Supplemental Fig. S1 ; Maréchal et al., 2009; Parent et al., 2011) . While the why1why3 plants present a moderate amount of MMBIR-associated rearrangements, these rearrangements are present at much higher levels in the triple mutant why1why3polIb-1 (Parent et al., 2011; Fig. 1C) . Interestingly, the high levels of rearrangements in why1why3polIb-1 do not exacerbate the why1why3 white variegation phenotype. Instead, a distinct yellow-variegated phenotype is observed in why1why3polIb-1 ( Fig. 1B; Supplemental  Fig. S2 ). The fact that why1why3polIb-1 also presents white variegation in an equivalent fraction of its population further supports that white and yellow variegation are distinct phenotypes (Supplemental Fig. S3 ).
Although the roles of Why1, Why3, and PolIB in plastid genome stability are becoming well established, the consequences of the ptDNA rearrangements associated with their mutations are still poorly understood. Because the plastid genome encodes many components of the PET, it is conceivable that plastid genome instability could impair photosynthesis. Therefore, to evaluate the potential impacts of MMBIR-associated ptDNA rearrangements on the PET photosynthetic capacity, the efficiency of the PSII was measured in wild-type, polIb-1, why1why3, and why1why3polIb-1 plants grown for 4 weeks under normal light conditions. Measurement of the maximum photochemical efficiency of PSII in the dark-adapted state (F v /F m ratio), indicates that the why1why3polIb-1 mutant exhibits a significant decrease in its photosynthetic capacity (Fig. 1D) . To confirm the link between ptDNA rearrangements and photosynthetic defects, DSBs were introduced in the organelle genomes of wild-type plants by treatment with CIP. Similarly to why1why3polIb-1, wild-type plants treated with CIP presented a significant decrease in their PSII efficiency as revealed by a lower F v /F m ratio (Supplemental Fig. S4 ). No such decrease was observed when the plants were treated with novobiocin (NOVO; Supplemental Fig. S4 ), a gyrase inhibitor that induces neither DSBs nor ptDNA rearrangements (Hardy and Cozzarelli, 2003; Cappadocia et al., 2010) . Taken together, the lowered F v /F m ratios observed in why1why3polIb-1 and upon CIP treatment clearly suggest that ptDNA rearrangements negatively impact PET performance.
Plastid Genome Instability Leads to Generation of ROS in the Chloroplast
Because PET defects and imbalance are often associated with increased ROS production (Zaltsman et al., 2005; Kato et al., 2009) , we verified whether the ptDNA rearrangements observed in Figure 1C are also associated with oxidative stress in the chloroplasts. Leaves from 4-week-old Arabidopsis plants were incubated in the presence of the general oxidative stress fluorescent probe 2',7'-dichlorofluorescin diacetate (H 2 DCFDA). Microscopic detection of the oxidized fluorescent form of the molecule revealed ROSgenerating foci in why1why3polIb-1 plants, but not in wild-type, why1why3, and polIb-1 plants ( Fig. 2A) . Moreover, the fluorescent H 2 DCFDA colocalizes with chlorophyll and structures resembling plastids, suggesting that chloroplasts are the origin of this redox imbalance (Fig. 2B) . To further characterize ROS production in why1why3polIb-1, detached leaves from 4-week-old plants were incubated in the dark in the presence of the colorimetric agent nitroblue tetrazolium (NBT), which forms an insoluble quantifiable blue precipitate, the formazan, upon reduction from superoxide (Driever et al., 2009) . While the color intensity of polIb-1 and why1why3 leaves was indistinguishable from that of the wild type, why1why3polIb-1 leaves showed a dense shadowed blue coloration all over their surface (Fig. 2C) . Measurement of the formazan produced in those leaves revealed an approximate 2-fold increase in superoxide concentration as compared with wild-type leaves (Fig. 2D) . ROS concentration was further analyzed by switching the dark-incubated leaves to high light intensity. As expected, this treatment induced ROS production in the leaves of every line tested (Fig. 2, C and E) . However, the increase was more pronounced in the why1why3polIb-1 mutant, further suggesting that the PET is involved in the redox imbalance of this mutant.
To verify that the elevated ROS levels in why1why3polIb-1 are truly the consequence of the ptDNA rearrangements, ROS production was assessed in wild-type plants treated either with CIP or NOVO. As depicted in Figure 3A , both treatments effectively affected plant development. Whereas the NOVO treatment arrested plant growth, the CIP treatment bleached the sides of the new emerging leaves (Fig. 3A) . Treated plants were then incubated in presence of H 2 DCFDA to assess the redox imbalance. Similarly to the why1why3polIb-1 Figure 2 . why1why3polIb-1 produces elevated levels of chloroplast ROS in a light-dependent manner. A, Microscopic analysis of 28-d-old Arabidopsis leaves incubated with H 2 DCFDA. Oxidized H 2 DCFDA is represented in green and chlorophyll in magenta, and the merge yields a white color. B, Inset on H 2 DCFDA foci, which colocalize with chloroplasts. C, Representative photographs of NBT-stained leaves from 28-d-old Arabidopsis plants. Blue color on the leaves is caused by formazan, the reduced form of NBT. D, Histogram presenting the relative formazan concentration of the dark-incubated leaves. Five different leaves were tested for every condition. The error bars represent the SD of the five extractions. One asterisk indicates a significant difference of a Student's t test P value # 0.05 with the wild type. E, Histogram presenting the relative formazan concentration of dark-incubated leaves switched to high light for 15 min. Five different leaves were tested for every condition. The error bars represent the SD of the five extractions. Two asterisks indicate a significant difference of a Student's t test P value # 0.01 with the wild type.
mutant, the CIP treatment also led to the formation of ROS foci that colocalized with chloroplasts at the subcellular level (Fig. 3, B and C) . No fluorescence could be observed in the NOVO-treated plants, suggesting that the redox imbalance observed is caused by ptDNA rearrangements, and not by gyrase inhibition. Considering that the redox imbalance observed in why1why3polIb-1 could be responsible for the appearance of the yellow-variegated phenotype, it is likely that decreasing the electron flow across the PET would rescue the phenotype. Therefore, to minimize the pressure on the electron transport chain, plants were grown for 3 weeks at low light and their phenotypes compared to those grown at normal light. When grown for three weeks under normal light conditions, why1why3polIb-1 plants developed a severe dwarf and yellow-variegated phenotype (Figs. 1B and 4A) that is associated with low chlorophyll content (Fig. 4B ). In comparison, although all seedlings grown at low light for 3 weeks exhibited severe growth retardation, no additional growth delay and yellow variegation could be observed for why1why3polIb-1 (Fig. 4A ). The rescue of the yellow-variegated phenotype persisted even after 60 d of growth under the same conditions, although, at this stage, the plants had smaller petioles than wild-type and why1why3 plants (Fig. 4A) . Consistent with the rescue of the phenotype, low-light-grown why1why3polIb-1 plants exhibited chlorophyll content comparable to that of control plants (Fig. 4B ). This low light-dependent rescue of the phenotype thus suggests that elevated ROS levels play a role in the appearance of the why1why3polIb-1 yellow-variegated phenotype. In agreement with this, why1why3 and why1why3polIb-1 plants are hypersensitive to paraquat and, therefore, affected by an aggravation of the redox imbalance (Supplemental Fig. S5 ).
In contrast to the observed rescue of the phenotype, low light conditions did not restore PSII efficiency in why1why3polIb-1 plants (Fig. 4C ). This is in agreement with our hypothesis that the poor PET efficiency is due to ptDNA rearrangements, the abundance of which is also little affected by the light regimen (Supplemental Fig. S6 ). Thus, it seems likely that ptDNA rearrangements do not originate from ROS-associated DNA modification. Consistent with this idea, the ROS-inducing agents paraquat and atrazine do not lead to an increased accumulation of MMBIR-associated ptDNA rearrangements (Supplemental Fig. S7 ).
Yellow-Variegated Sectors in why1why3polIb-1 Appear Photosynthetically Active and Are Not Related to Cell Death ROS readily damage all components of the cell and induce cell death if improperly scavenged (Mittler, 2002; Przybyla et al., 2008; Triantaphylidés et al., 2008) . To verify if the high ROS concentration in the why1why3polIb-1 mutant is associated with cell death, 4-week-old leaves were stained with trypan blue to selectively color dead cells (Weigel and Glazebrook, 2002) . Interestingly, although the why1why3polIb-1 mutant produces high levels of ROS, cell death did not Figure 3 . CIP-treated seedlings show signs of bleaching associated with increased chloroplast ROS production. A, Representative photographs of 15-d-old plants exposed from day 10 to 15 with the indicated concentration of drug. B, Microscopic analysis of plants exposed to the prior treatment with H 2 DCFDA. Photographs were taken on day 11, 24 h after the beginning of the treatment. Oxidized H 2 DCFDA is represented in green and chlorophyll in magenta, and the merge yields a white color. C, Inset on H 2 DCFDA foci, which colocalize with chloroplasts. appear higher in leaves of this mutant than in leaves of wild-type plants (Supplemental Fig. S8 ). This result suggests that the why1why3polIb-1 yellow-variegated phenotype is not the direct consequence of ROSassociated cell death. To verify if chloroplasts in why1why3polIb-1 appear functional, chloroplast ultrastructure was examined in green and yellow sectors of this mutant using transmission electron microscopy. Remarkably, despite the redox imbalance, thylakoid stacks appear normal in both green and yellow sectors of why1why3polIb-1 (Fig. 5A ). In comparison, chloroplast ultrastructure is completely altered in whitevariegated sectors of why1why3 ( Fig. 5A ; Maréchal et al., 2009) . Furthermore, whereas the white-variegated sectors of why1why3 present no trace of chlorophyll, the yellow-variegated sectors of why1why3polIb-1 are not devoid of photosynthetically active chloroplasts, as monitored by chlorophyll autofluorescence (Fig. 5B) . Altogether, these results suggest that chloroplasts in why1why3polIb-1 are still functional despite the redox imbalance. The appearance of variegation in many mutants has been linked to maternal transmission of "permanently defective" chloroplasts (Yu et al., 2007) . However, the fact that chloroplasts in why1why3polIb-1 appear functional and that the phenotype does not worsen in a generation-dependent manner suggests that its yellow-variegated phenotype is not maternally inherited. This was tested by backcrossing the why1why3polIb-1 mutant with wild-type plants and examining the transmitted phenotype. For each of the reciprocal crosses, 72 plants from five distinct crosses were examined. As expected, when why1why3polIb-1 plants were backcrossed as male parents, no transmission of the phenotype was observed (Fig. 6A) . Consistent with the idea that chloroplasts are functional in this mutant, the phenotype also disappeared in all plants issued from the reciprocal maternal crosses. Figure  6B indicates that ptDNA rearrangements were also eliminated in 2-week-old plants of the F1 progeny, in agreement with the lack of inheritance of the phenotype in each reciprocal cross. Restoration of the alleles thus probably prevents generation of de novo ptDNA rearrangements in addition to allowing dilution of the inherited rearrangements throughout the entire plant. These results further support the idea that why1why3polIb-1 chloroplasts function normally despite the redox imbalance.
why1why3polIb-1 Exhibits a Photosynthetic Stress-Related Nuclear Genetic Reprogramming
We then tested whether the elevated ROS levels could lead to nuclear genetic reprogramming in why1why3polIb-1, enabling the plant to adapt to its particular photosynthetic conditions. To test this hypothesis, a RNA-Sequencing (RNA-Seq) approach was used to sequence and quantify the entire why1why3polIb-1 nuclear transcriptome. Comparison of this transcriptome to that of wild-type plants revealed a complex genetic reprogramming with 340 and 157 transcripts up-and downregulated at least 2-fold, respectively (Supplemental Table S1 ). To characterize gene expression reprogramming in why1why3polIb-1, its entire nuclear transcriptome was subjected to MapMan analysis and the biological processes with the most significant alterations were identified (Thimm et al., 2004) . Regulation of transcription and RNA processing were the most significant terms, closely followed by photosynthesis and, particularly, the light reactions (Fig. 7A ). This was followed by metabolism, especially that of carbohydrate metabolism, which is not surprising considering that photosynthesis is affected in why1why3polIb-1 (Fig. 1D) . Among the other terms significantly overrepresented were the ascorbate-and glutathione-associated redox processes as well as the abiotic stress responses. Interestingly, ethylene signal transduction was significantly overrepresented, similarly to a number of abiotic stresses that are also associated with redox imbalance (Ecker, 1995; Miller et al., 2008; Cheng et al., 2013) .
To independently characterize genes up-and downregulated at least 2-fold in why1why3polIb-1, these two subsets of genes were analyzed using Pageman (Usadel et al., 2006) . Similarly to the MapMan analysis of the entire transcriptome, assignment of each of the upregulated genes to a given biological process mainly resulted in the terms RNA, protein, and signaling (Fig. 7B) . Regarding the down-regulated genes, the terms hormone and stress were strongly represented in addition to genes of various functions, the miscellaneous class, which accounts alone for more than onehalf of the genes. However, the main terms found using Pageman belong to large classes containing large numbers of genes. To avoid this bias toward the largest classes, enrichment of each biological process was calculated relative to its class size (Fig. 7C) . Interestingly, this normalization revealed a net enrichment for the terms hormone, stress, redox, nucleotide metabolism, RNA, and signaling in the upregulated genes. The down-regulated genes showed a clear enrichment for the terms photosynthesis, hormone, and stress. Globally, a net enrichment for biological processes linked to photosynthetic stress is found within the most differentially expressed genes in why1why3polIb-1.
The why1why3polIb-1 Nuclear Genetic Reprogramming Closely Resembles ROS, Abiotic Stress, and msh1 Responses Numerous stresses such as chloroplast redox imbalance, abiotic stress, and chloroplast biogenesis defects have been shown to initiate plastid-to-nucleus retrograde signaling pathways and modify the nuclear genetic expression patterns. To assess if the genetic reprogramming observed in why1why3polIb-1 is similar to that observed in other conditions known to alter the nuclear transcriptome, the expression level of the 50 most overexpressed genes in this mutant was compared to that observed in other transcriptomic studies (Fig. 7D) . The why1why3polIb-1 transcriptome was first compared to that of other conditions known to produce specific types of ROS, including those of the fluorescent in blue light (flu) mutant, which exhibits elevated levels of singlet oxygen upon a dark to light shift (op den Camp et al., 2003) , of the treatment of ecotype Columbia with paraquat, which produces superoxide in the PET (Chia et al., 1982; Ramel et al., 2009) , and of ecotype Columbia treated with hydrogen peroxide. Interestingly, of the 43 overexpressed why1why3polIb-1 genes found on the ATH1 chip (probes for seven of the why1why3polIb-1 overexpressed genes are not present on this chip), 26, 18, and 15 were also overexpressed in flu, paraquat treatment, and hydrogen peroxide treatment, respectively.
Several of the 50 most overexpressed genes in why1why3polIb-1 encode key components of the abiotic stress responses, including the Early Light-Inducible Protein ELIP1, the transcriptional regulators C2/H2-type zinc-finger Arabidopsis transcription factor10 and -12 (ZAT10 and ZAT12), the ERF/AP2 transcription factor C-Repeat DRE/binding factor2 (CBF2), and the mRNA deadenylases CCR4-associated factor1A and -1B (CAF1A and CAF1B; Gilmour et al., 1998; Hutin et al., 2003; Sakamoto et al., 2004; Davletova et al., 2005; Mittler et al., 2006; Walley et al., 2010) . Not surprisingly, a striking similarity was observed when comparison was made with overexpressed genes in abiotic stress responses. Twenty, 26, and 22 genes were also upregulated upon high-light, cold, and drought stresses, respectively ( Fig. 7D ; Vogel et al., 2005; González-Pérez et al., 2011) . A total of 15 genes that are overexpressed during all three abiotic stresses were also upregulated in why1why3polIb-1.
Finally, because most variegated mutants are also linked to an alteration of the PET, we were interested in verifying the similitudes between the why1why3polIb-1 transcriptome and those of the variegated mutants MutS HOMOLOG1 (msh1), YELLOW VARIEGATED2 (var2), and immutans (Aluru et al., 2009; Miura et al., 2010; Xu et al., 2011) . Although the var2 and immutans mutants also destabilize the PET, only limited similarity was observed between their nuclear transcriptome and that of why1why3polIb-1 (Fig. 7D) . Only 12 of the 43 genes were upregulated in immutans. Surprisingly, although 28 genes were differentially expressed in var2, 13 of them were repressed and thus represent a distinct genetic response than the one observed in why1why3polIb-1. Nevertheless, a strong correlation was observed with msh1 because 31 genes were also upregulated in this mutant. Our own analysis of the published msh1 transcriptome revealed a high similitude with the flu mutant and the high-light treatment. Forty percent and 32% of the msh1 2-fold upregulated genes are also overexpressed in flu and high-light treatment, respectively. The fact that the MSH1 protein is involved in the maintenance of plastid and mitochondria genome stability (Xu et al., 2011) further supports the relationship between the observed transcriptome modifications and plastid genome rearrangements.
The why1why3polIb-1 Nuclear Genetic Reprogramming Is Not Observed under Low-Light Conditions
The important signaling functions carried out by ROS in triggering stress responses have been extensively documented (op den Camp et al., 2003; Maruta et al., 2012; Ramel et al., 2013) . To assess if the nuclear genetic reprogramming observed in why1why3polIb-1 depends on elevated chloroplast ROS production, we compared, in plants grown either under normal or low-light conditions, the expression of six genes whose expression is upregulated in why1why3polIb-1. These genes are the Nudix hydrolase homolog4 (NUDT4; Ogawa et al., 2005) , the oxidative stress marker Upregulated by oxidative stress (UPOX; AT2G21640; Sweetlove et al., 2002; Gadjev et al., 2006) , the 1-aminocyclo-propane-1-carboxylate synthase6 (ACS6; Arteca and Arteca, 1999) , the Armadillo repeat AT3G06530, and ELIP1 and ELIP2 (Kimura et al., 2001; Hutin et al., 2003; Tzvetkova-Chevolleau et al., 2007) . The overexpression of these why1why3polIb-1 upregulated genes was first confirmed by quantitative reverse transcription (qRT)-PCR to validate the RNA-Seq results. qRT-PCR confirmed that all these genes are significantly overexpressed in why1why3polIb-1 (Fig. 8) . This overexpression was, however, not observed in polIb-1 or why1why3 (Supplemental Fig. S9 ). Expression of these markers was then measured in plants grown for 21 d under low-light conditions, where no difference in phenotype is observed between why1why3polIb-1, the wild type, or why1why3 (Fig. 4) and where ROS levels are low. Figure 8 shows that, under these conditions, there is no significant difference in the expression of these genes. These results again suggest that it is the ROS produced under normallight conditions that act as signals to initiate the genetic reprogramming in response to the why1wh3polIb-1 ptDNA rearrangements.
Genetic Reprogramming in why1why3polIb-1 Allows Adaptation to High-Light Stress
Reprogramming of the why1why3polIb-1 nuclear transcriptome suggests that this mutant line could adapt to elevated ROS concentrations. This was verified by growing plants for 3 weeks at normal light, followed by transfer to high-light conditions for an additional week. Remarkably, the why1why3polIb-1 plants were considerably less affected by this treatment than the wild-type, why1why3, or polIb-1 plants (Fig. 9A ).
Under these conditions, the why1why3polIb-1 plants accumulated about 20 times less anthocyanin in their leaves than control plants (Fig. 9C) . The greater tolerance to high light in addition to the reduced accumulation of the antioxidant anthocyanin in response to this treatment thus supports an acquired adaptation to elevated ROS levels in why1why3polIb-1.
To confirm that this adaptation to high-light conditions is acquired rather than innate, plants were germinated and allowed to grow for 4 weeks under constant high-light conditions. The lack of preadaptation under normal light conditions abolished the tolerance of why1why3polIb-1 plants to high light, as these mutants were considerably more affected than control plants (Fig. 9B) . Expression pattern of the high-light and oxidative stress markers ELIP1 and ELIP2 supported that an acquired adaptation is taking place in this mutant (Kimura et al., 2001; Hutin et al., 2003; TzvetkovaChevolleau et al., 2007) . When measured in 5-d-old seedlings grown under normal light, expression levels of ELIP1 and ELIP2 were low and did not differ in wildtype and why1why3polIb-1 plants (Fig. 9D) . Their expression was however significantly higher than in wild-type plants after 14 d in normal light. As these genes are known to be induced by ROS, these results further support the idea that modification of the nuclear expression and adaptation to subsequent oxidative stresses are processes that first require an early accumulation of ROS.
DISCUSSION Plastid Genome Instability Leads to Impairment of Photosynthesis and Increased Chloroplast ROS Production
Until now, few mutations in the plastid genome have been associated with photosynthetic impairment and lethality (Petersen et al., 2011) , and the impact of more generalized plastid genome instability is still largely unknown. In this article, we used the why1why3polIb-1 mutant line and the organelle specific DSB-inducing agent CIP to analyze the consequences of generalized plastid genome instability.
First, the why1why3polIb-1 mutations and CIP treatment were both shown to reduce plant photosynthetic capacity, as indicated by the reduction of the F v /F m ratio ( Fig. 1D; Supplemental Fig. S4 ). The effect of CIP is most likely due to its DSB-inducing activity, as NOVO, another gyrase inhibitor that does not induce DSBs, does not influence the F v /F m parameter. One interpretation of these results is that, because many ptDNA genes encode components of the PET, ptDNA rearrangements will invariably affect these genes, leading to a modification of the stoichiometry of the components of the PET. The fact that an increased chloroplast ROS production could only be observed in the why1why3polIb-1 mutant and the CIP-treated plants supports this link between ptDNA rearrangements and severe photosynthetic defects (Figs. 2 and 3) . Moreover, as shown by the NBT staining experiment, the abundance of superoxide in why1why3polIb-1 is strongly and quickly enhanced by light, which further supports an imbalance at the level of the PET (Asada, 1999) . Interestingly, in mammals, a similar redox imbalance was also observed in mitochondria, where genome rearrangements are linked to oxidative phosphorylation defects and ROS production (Ishikawa et al., 2008; Fan et al., 2012) .
The plastid genome has long been known to be more stable than its nuclear counterpart (Wolfe et al., 1987) , but the reason for such a high stability remains unknown. The developmental defects and redox imbalance observed in why1why3polIb-1 and upon CIP treatment demonstrate the deleterious consequences associated with plastid genome instability. CIP-treated seedlings exhibit bleaching of their new emerging leaves, and why1why3polIb-1 plants present a yellowvariegated dwarf phenotype. Consistent with this finding, the severity of the why1why3polIb-1 phenotype correlates with the intensity of chloroplast ROS production ( Figs. 4 and 9B; Supplemental Fig. S5 ). All these deleterious effects associated with plastid genome instability might explain the importance of maintaining its highly optimized genome structure.
ptDNA Rearrangements in why1why3polIb-1 Do Not Lead to "Permanently Defective" Chloroplasts Variegation has been studied for half a century, and the mode of inheritance of almost every variegated mutant identified to date has been established. While some variegated mutants show maternal inheritance, others are inherited in a Mendelian fashion (Yu et al., 2007) . It has been proposed that in the case of maternally inherited variegation, a perturbation would lead to "permanently defective" chloroplasts. In Arabidopsis and most angiosperms, these "permanently Figure 8 . The why1why3polIb-1 nuclear genetic reprogramming is not observed under low-light conditions. Histograms presenting the realtime PCR measurements of NUDT4, UPOX (AT2G21640), ACS6, AT3G06530, ELIP1, and ELIP2 expression in why1why3polIb-1 relative to wild-type plants for normal (NL) and low-light (LL) conditions. The error bars represent the mean SE of the biological triplicates. One and two asterisks indicate, respectively, a significant difference of a Student's t test P value # 0.05 and 0.01 with the wild type.
defective" chloroplasts are then maternally transmitted to the progeny, with the extent of variegation usually correlating with the proportion of transmission. In why1why3polIb-1, chloroplasts appear to be photosynthetically active and their ultrastructure is maintained. Accordingly, the yellow variegation observed in this mutant is inherited in the classical Mendelian way, supporting the idea that the chloroplasts are not "permanently defective." Conversely, because white variegation appears in why1why3polIb-1 at the same frequency as in the why1why3 population, it suggests that both phenotypes are actually the same. Thus, the white-variegated sectors of why1why3polIb-1 most likely possess "permanently defective" chloroplasts with an altered ultrastructure.
The early studies on ptDNA inheritance were done with lines carrying point mutations at or near homoplasmy in their plastid genome (Avni et al., 1989; Triboush et al., 1999) . In such cases, the transmission of the mutation is directly linked to the transmission of the chloroplast. In why1why3polIb-1, the progeny from the reciprocal crosses with wild-type plants shows wild-type levels of DNA rearrangements. This suggests that the rearranged molecules are present in heteroplasmy and relatively low copy numbers, which results mainly in the transmission of normal copies of the plastid genome. Once again, the fact that both the phenotype and the rearrangements are not maternally inherited supports the importance of these DNA rearrangements for the appearance of the yellowvariegated phenotype. In addition, restoration of the alleles in the crossing experiments prevents the formation of de novo ptDNA rearrangements and favors the dilution of potentially inherited rearrangements. Furthermore, the why1why3polIb-1 phenotype remains constant through many generations, which suggests that most DNA rearrangements observed in its plastid genome are generated during plant development rather than inherited from the female gametes.
In why1why3 plants, rearrangements throughout the plastid genome are also observed, although at a much lower frequency than in why1why3polIb-1. In approximately 5% of the why1why3 plants, the amplification of specific parts of the genome, probably near homoplasmy, leads to the appearance of white-variegated sectors (Maréchal et al., 2009) . The progeny of these variegated plants is composed of a large fraction of variegated plants (between 20% and 50%; Maréchal et al., 2009) . Interestingly, the white-variegated sectors in these plants show abnormal cell morphology and absence of chlorophyll autofluorescence. One could thus assume that the specific amplification causing the white variegation leads to "permanently defective" chloroplasts. White variegation is also observed in an equivalent fraction of the why1why3polIb-1 population, which suggests that these two phenotypes are distinct and independent.
The ROS-Associated why1why3polIb-1 Nuclear Genetic Reprogramming Promotes Acquired Resistance to High Light ROS can have various deleterious effects on plant cell development. Therefore, plants have evolved mechanisms to counteract this threat. However, ROS are also important signaling molecules that ensure the response to biotic and abiotic stresses (Apel and Hirt, 2004; Mittler et al., 2004) . We propose that in why1why3polIb-1, the elevated chloroplast ROS levels are perceived by the cells and lead to genetic reprogramming, as indicated by the transcriptome modifications observed in this mutant. The high similitude of this genetic expression remodeling with that of many ROS-inducing conditions (Fig. 7D) suggests that ROS, and not ptDNA rearrangements, mediate this response. This is further supported by the apparent absence of genetic reprogramming in low-light-grown why1why3polIb-1 plants (Fig. 8) where ptDNA rearrangements are still present (Supplemental Fig. S6 ). At this time, it is however not possible to completely rule out that the excitation pressure, which is also influenced by light, contributes to the observed genetic reprogramming (Rosso et al., 2009) .
Surprisingly, no genes involved in the maintenance of plastid genome integrity were differentially expressed in why1why3polIb-1. This is rather unexpected, as preventing ptDNA rearrangements could prevent ROS formation and its damages to cellular components. Chloroplast ROS therefore do not appear to act as direct signals of genome perturbation but rather provide a warning that the PET has been affected and that the plant must adapt to stress. This could explain the striking resemblance observed between the genetic reprogramming in why1why3polIb-1 and the responses to abiotic stresses (Fig. 7D) . Examples of this are the early-light-induced proteins ELIP1 and ELIP2, often considered as markers of high-light stress (Kimura et al., 2001; Hutin et al., 2003; TzvetkovaChevolleau et al., 2007) , which are significantly overexpressed in why1why3polIb-1. Overexpression of the abiotic-stress-responsive transcriptional activators ZAT10, ZAT12, CBF1, and CBF2 also supports this hypothesis (Gilmour et al., 1998; Sakamoto et al., 2004; Davletova et al., 2005; Mittler et al., 2006) . Finally, a large proportion of the overexpressed why1why3polIb-1 genes were shown to be involved in calcium and ethylene signaling pathways. The important roles mediated by these pathways in the regulation and signalization of abiotic stresses suggest that these molecules might also be important for proper adaption to plastid genome instability (Rentel and Knight, 2004; Galon et al., 2010; Shi et al., 2012) . This adaptation appears to take place between days 5 and 14 (Fig. 9D ) and promotes acquired resistance to high light. Although the redox imbalance observed in why1why3polIb-1 is associated with deleterious phenotypes, the early oxidative stress experienced in this mutant might trigger this acquired resistance. This type of adaptation has also been reported for other chloroplast stresses and is generally referred to as the acclimation response (Prasad et al., 1994; Coll et al., 2009; Ramel et al., 2012; Šimková et al., 2012; Gordon et al., 2013) . Many genes differentially expressed in why1why3polIb-1 were also shown to be part of the high-light systemic acquired acclimation response (Gordon et al., 2013) and support that the whywhy3polIb-1 nuclear reprograming would be at the origin of the acquired tolerance to high light observed in this mutant. Interestingly, a similar high-light tolerance was reported in msh1, but the exact cause of this adaptation remains elusive, as both chloroplast and mitochondria exhibit genomic instability in this mutant (Xu et al., 2011) . Similarly to Msh1, PolIB is known to act in both organelles (Parent et al., 2011; Cupp and Nielsen, 2012) , and thus it is possible that alterations in DNA metabolism from both chloroplast and mitochondria contribute to the nuclear genetic reprogramming observed in why1why3polIb-1. However, the synergistic increase in ptDNA rearrangements observed when plastid-localized Whirly proteins and PolIB are affected suggests that chloroplast defects are the main factor at the origin of changes in the nuclear gene expression.
Taken together, our results indicate that DNA rearrangements in the chloroplast genome lead to a severe PET imbalance and an important increase in photosynthesis-dependent ROS production. This elevated ROS production would then trigger plastid-tonucleus retrograde signaling pathways that, in turn, reprogram the nuclear transcriptome. Although the why1why3polIb-1 mutant exhibits a dwarf and yellowvariegated phenotype, this reprogramming would allow the plants to survive to its inner oxidative stress and even acquire a high-light tolerance.
MATERIALS AND METHODS
Plant Material and Growth Conditions
Arabidopsis (Arabidopsis thaliana; ecotype Columbia) mutant lines polIb-1 (SALK_134274), why1why3, and why1why3polIb-1 were reported previously (Maréchal et al., 2009; Parent et al., 2011 
Detection of ptDNA Rearrangements
Total DNA was isolated for each plant sample using a cetyl trimethylammonium bromide DNA extraction protocol (Weigel and Glazebrook, 2002) .
For every DNA sample, ptDNA amount was equilibrated with a lowcycle amplification of Hypothetical protein RF2 (YCF2) DNA fragment. Primers and approach for rearrangements detection were described previously (Cappadocia et al., 2010) , and PCR products were visualized after migration on GelRed (Biotium) stained agarose gels. Every reaction shown is representative of the eight primer pairs presented in Supplemental Table S2 .
Measurement of PSII Efficiency
For each line analyzed, F v /F m measurements were performed on whole, 4-week-old plants grown under normal light conditions or whole, 60-d-old plants grown under low-light conditions with an Open FluorCam (Photon Systems Instruments) according to the manufacturer's instructions.
Chlorophyll Extraction and Quantification
For each line analyzed, 10 mg of 3-week-old plants grown under normal light conditions or 60-d-old plants grown under low-light conditions were grinded in 400 mL dimethylformamide and centrifuged for one minute at 13,000 rpm. The supernatant was recovered, and absorbance was measured at Absorbance 645 and Absorbance 663 . Chlorophyll content was then assessed as described previously (Porra et al., 1989) .
Chloroplast Ultrastructure Imaging
Imaging of why1why3polIb-1 chloroplast ultrastructure was performed in dissected yellow and green sectors as described previously (Maréchal et al., 2009 ).
ROS Detection, Quantification, and Microscopic Analyses
The NBT superoxide coloration experiment was conducted as described previously (Driever et al., 2009) . Briefly, petioles of 28-d-old Arabidopsis leaves were cut twice under water to avoid air obstruction of the vasculature. For probe feeding of the leaves, petioles were soaked in the dark for 2 h in 6 mM nitrotetrazolium blue chloride (Sigma-Aldrich) dissolved in 10 mM potassium phosphate, pH 7.8. To assess the effect of photosynthesis on superoxide production, fed leaves were transferred at high light for 15 minutes. To remove chlorophyll, colored leaves were boiled for 5 minutes in an ethanol, lactic acid, and glycerol solution (4:1:1, v/v/v). To quantify formazan, leaves were boiled in dimethyl sulfoxide until leaves were clear and formazan concentration was measured spectrophotometrically at Absorbance 560 . Absorbance was measured in five leaves for every line and conditions tested and then normalized relative to the weight of each leaf. For the H 2 DCFDA experiment, protocol was adapted from a previous report (Leshem et al., 2006) . Briefly, 10-d-old seedlings, acclimated for 48 h in liquid MS medium, were incubated in 10 mM H 2 DCFDA (Sigma-Aldrich) in phosphate-buffered saline solution for 30 min under high-light exposure and washed twice for 5 min in phosphate-buffered saline solution. Chlorophyll autofluorescence and oxidized H 2 DCFDA were visualized using an Olympus FV300 confocal microscope. Chlorophyll and H 2 DCFDA were excited with a 488-nm argon laser. H 2 DCFDA fluorescence was detected at 535 nm and chlorophyll at 650 nm and over.
Anthocyanin Extraction and Quantification
For each line analyzed, 3-week-old plants grown under normal light conditions were transferred for 1 week at high light. Anthocyanin extraction was then conducted as described previously (Cottage et al., 2010) for five 30-mg replicates of each line.
RNA Isolation, RNA-Seq, and qRT-PCR Analysis
For each plant sample, total RNA was isolated using TRIzol reagent (Invitrogen) and the integrity of every sample assessed using a Bioanalyzer platform (Agilent). Libraries were prepared using the TruSeq RNA Sample Preparation v2 kit (Illumina) according to the manufacturer's instructions. Samples were then pooled together and ran on an Illumina MiSeq to further verify the libraries' quality. Sequencing was performed using the Illumina HiSeq2000 machine running TruSeq SBS v3 chemistry at the genomic platform of the Institute for Research in Immunology and Cancer (Université de Montréal). Cluster density was targeted at around 600 to 800 kilo clusters mm -2 . Analysis was then carried out using the Galaxy online software suite (Goecks et al., 2010) . Transcripts with fragments per kilobase of exon per million fragments mapped values lower than 1 were discarded from the analysis to ensure optimal quantification. MapMan was used to retrieve Gene Ontology annotations associated with the up-and down-regulated genes of the entire why1why3polIb-1 transcriptome (Thimm et al., 2004) . Pageman web browsing tool was used to retrieve the Gene Ontology annotations associated with the significantly up-and down-regulated why1why3polIb-1 genes (Usadel et al., 2006) . Genevestigator was used to compare the 50 most overexpressed why1why3polIb-1 genes to that of other conditions (Hruz et al., 2008) . Genevestigator transcriptomes for paraquat, hydrogen peroxide, and drought treatments were, respectively, AT-120:Kudla/Puchta/Bartels/Harter/Nover, AT-185:Mittler, and AT-58:Warren. For qRT-PCR analysis, complementary DNA synthesis was carried out using a first-strand complementary DNA synthesis kit (Fermentas) on RNAs from 14-and 21-d-old seedlings grown under normal and low-light conditions, respectively. Complementary DNAs were diluted 20-fold prior to qRT-PCR experiments. Primers used for qRT-PCR experiments were designed for randomly selected intron-containing genes, and the six primer pairs with acceptable efficiency were selected (efficiency between 1.90 and 2.05). These primers are listed in Supplemental Table S3 . Every reaction was carried out on biological and technical triplicates and normalized relative to b-Tubulin. Realtime quantitative PCR reactions were done using the SYBR green master mix (SABiosciences) according to the manufacturer's instructions. Melting curves confirmed the amplification of a unique PCR product for each of the qRT-PCR primer pairs used. LightCycler480 (Roche) was used for qRT-PCR experiments and data analyzed using the Light-Cycler480 software version 1.5. Supplemental Materials and Methods can be found in Supplemental Text S1.
Sequence data from this article can be found under the following accession numbers: WHY1 (AT1G14410), WHY3 (AT2G02740), and POLIB (AT3G20540).
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